Silicon-Fluoride-Receptors (SiFAs) for the 18F-labeling of peptides and proteins for Positron-Emission-Tomography
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Short Abstract: The synthesis of fluorine-18 labeled radiopharmaceuticals for Positron Emission Tomography (PET) is challenging and normally requires many years of experience in radio-labeling. The use of Silicon-Fluoride-Acceptor (SiFA) building blocks attached to imaging agents provides a simple one-step 18F-labeling protocol independent of costly equipment and preparatory training. 
Long Abstract: Fluorine 18 (half life: 109 min, 97% positron emission18F) is among the most important radio-nuclides for Positron-Emission-Tomography, a non invasive imaging method, visualizing and quantifying the bio-distribution of labeled tracer probes for imaging various diseases.1 Especially peptides and proteins, constituting a large proportion of available PET tracers, are difficult to label with 18F and require the synthesis of 18F-building blocks formed by multi-step syntheses.2 To reduce the complexity of 18F-radiolabeling, Silicon-Fluoride-Receptors (SiFAs) were recently introduced as reliable tools for 18F-labeling.3 The SiFA group consists of a central silicon atom connected to two tertiary butyl (t-Bu) groups, a derivatized phenyl moiety and a non-radioactive fluorine atom. The two t-Bu groups impart hydrolytic stability to the Si-F bond, a critical feature for in vivo applications of SiFA conjugates as imaging agents. These building blocks, when attached to a bio-molecule, bind radioactive 18F anions by simple isotopic exchange (19F for 18F exchange) at nano-molar concentrations without forming significant amounts (<5%) of radioactive side products. The labeling of the SiFA moiety in dipolar aprotic solvents proceeds quickly at low temperatures with high radiochemical yield. This is in stark contrast to classical isotopic exchange involving a carbon-fluorine bond producing radio-tracers of low specific activity.4 Large amounts (mg range) of precursor have to be used to obtain a reasonable incorporation of 18F. Isotopic exchange using SiFAs is far more efficient as confirmed by kinetic studies and Density Functional Theory (DFT) calculations.5,6  The labeled SiFAs can be purified easily by solid phase extraction since the labeled- and the un-labeled SiFA compound are chemically identical. Normally, the precursor for labeling and the labeled product are two different chemical species and have to be separated by High-Performance Liquid Chromatography (HPLC). Using SiFA building blocks, peptides and proteins have been successfully labeled with 18F by 1-step and 2-step labeling protocols, all devoid of complicated purification procedures.7,8 The SiFA-labeled compounds have successfully been used as in vivo imaging agents for blood flow and tumor imaging. The simplicity of SiFA chemistry enables even untrained investigators to use 18F for radio-tracer synthesis and development.
Protocol Text: 

1) Azeotropic drying of 18F-anion

1.1) Irradiation of an [18O]water target with 19MeV protons (nuclear reaction 18O(p,n)18F)
1.2) The aqueous [18F]F-/H2[18O]O (3.7 – 7.4 Gbq; 100 – 200 mCi) is transferred to a hot cell and passed through a preconditioned (10 mL 0.5 M K2CO3 followed by 10 mL deionized water) QMA SepPak Light cartridge (Waters)

1.3) The H2[18O]O is discarded and the fixed 18F- is eluted from the QMA cartridge with a solution of Kryptofix 2.2.2® (10 mg), either 0.25 M K2CO3 (60 μL) or 0.25 M K2C2O4 (60 μL) and MeCN (1 mL). 
1.4) The solvents are removed under a gentle vacuum of ca. 500 mbar and a sweep stream of argon at 90°C. The remaining traces of water are removed by azeotropic co-evaporation with MeCN (1 mL) twice. After all the solvents were visibly removed the argon flow is stopped, the vacuum is set to maximum (ca. 10 mbar) and the final drying is continued for 2 min. 
1.5) The dry residue (ca. 85-185 mCi of K+/Kryptofix2.2.2®/18F- complex) is dissolved in acetonitrile (1 mL) to get a stock solution of highly reactive 18F- anions.
2) One-step SiFA-peptide labeling
2.1) Pre-conditioning of a C-18 light cartridge by subsequently rinsing the cartridge with ethanol (10 mL) and water for injection (10 mL).

2.2) SiFA containing peptide such as [18F]SiFA+-maleimido (MI)-Tyr3-octreotate [[18F]SiFA+-MI-TATE] intended for tumor images (10-25 nmol, 10-25 μL of a 1 mmol/L stock solution in dry acetonitrile) were added to 450-500 μL of the stock solution containing [18F]F-/Kryptofix 2.2.2®/K+ complex (2-3 GBq) in dry acetonitrile. The SiFA+ N-terminally modified peptides can be synthesized by standard FMOC-solid phase and final solution phase peptide synthesis.3 (Figure 1)
2.3) Labeling reaction at room temperature for 5 min without stirring (Figure 1). 
2.4) HEPES buffer (0.1 M, pH 4, 9 mL) is added and the mixture is loaded on a Waters SepPak C-18 light cartridge (conditioned in 2.1).
2.5) Trapped [18F]SiFA-peptides are washed with water for injection (5 mL), eluted from the cartridge with ethanol (200μL) and diluted with isotonic saline solution (2 mL).
2.6) Sterile filtration of the [18F]SiFA-peptides.

3) Quality control of the labeled peptide

3.1.) High Performance Liquid Chromatography (HPLC) is used for quality control of the solid phase purified peptide. (Figure 1)
4) Synthesis of succinimidyl 3-(di-tert-butyl[18F]fluorosilyl)benzoate ([18F]FSiB) for protein labeling 
4.1) Pre-conditioning of a C-18 light cartridge by subsequently rinsing the cartridge with ethanol (10 mL) and water for injection (10 mL).
4.2) The K+/Kryptofix2.2.2®/18F-/oxalate complex (cf. 1; ca. 30-50 mCi) is dissolved in acetonitrile (1 mL) and the solution of H2C2O4 (5 µmol) in anhydrous MeCN is added.

 4.3) Succinimidyl 3-(di-tert-butylfluorosilyl)benzoate (FSiB) (50 µL, 1µg/µL in MeCN) is added and the reaction mixture is kept for 5 min at rt (Figure 2). 

4.4) The mixture is diluted with distilled water (30 mL) and passed through a preconditioned C-18 light cartridge (SepPak, Waters cf. 2.1). 

4.5) The cartridge is washed with 10 mL water to remove all traces of residual 18F- and Kryptofix 2.2.2®. 
4.6) [18F]FSiB (ca. 10 mCi)  is eluted from the cartridge with diethyl ether (3 mL).
4.7) The ether is removed by evaporation (stream of argon) and quality control via radio-TLC confirmed a radiochemical purity >98% (Figure 3).

4.8) [18F]FSiB is re-dissolved in borate buffer (1 mL, pH 9) and added to the solution of protein (e.g. rat serum albumin (RSA), 0.5 mL borate buffer, 2 mg/mL).
4.9) After 30 min at room temperature, 5 mCi of the solution is injected onto an HPLC system equipped with size exclusion column (BIOSEP-SEC-S4000) and the collected protein fraction (Rt=15 min) is used in animal PET studies (blood pool study with [18F]FSiB labeled RSA). Alternatively, the crude reaction mixture is loaded onto a small size exclusion column (NAP-5) and eluted with 10x400 μL of PBS buffer. The fractions containing the labeled protein (RSA) are pooled and ready for injection. (Figure 4)
5) In vivo Blood Pool Imaging with [18F]FSiB-RSA using Positron Emission Tomography in healthy rats

5.1) Injection of [18F]FSiB-RSA (5 mCi) into a healthy rat which is placed under a animal PET imager (Siemens Micro-PET)
5.2) Acquisition of dynamic PET data for 1h: The emitted 511 keV annihilation photons are detected by a microPET R4 PET scanner, which records the coincidence events in list-mode format. Data acquisition continues for 60 minutes.

5.3) Data analysis and PET image reconstruction: The list-mode data are histogrammed into time-dependent fully 3D sets of sinograms. Each set is then rebinned via Fourier rebinning into a set of direct (2D) sinograms and finally reconstructed using 2D filtered backprojection to deliver a time-series of 3D images. Volumes of interest can then be considered in each time frame to determine regional time-activity curves, from which kinetic and functional parameters can be derived, such as binding potentials (Figure 5).
Representative Results: The SiFA technique enables an easy and straightforward approach to label peptides and proteins with a minimum amount of complexity. Peptides like SiFA+-derivatized Octreotate (used for cancer imaging)9 can be 18F-labeled in one step without involving final HPLC purification. The labeled peptide has a radiochemical purity of >95% after solid phase extraction (Figure 1) and can easily be formulated for in vivo applications such as PET. 

The labeling of larger molecules such as proteins requires the synthesis of a small SiFA-bearing labeling synthon such as [18F]FSiB (prosthetic group), an active ester labeling nucleophilic groups in a protein. The labeled protein (e.g. RSA) is a valuable tool to measure the blood pool with PET in a healthy rat (Figure 5). 
Discussion: The SiFA labeling chemistry represents one of the first 18F-labeling methods employing an extraordinarily efficient isotopic exchange reaction at room temperature or even below. Organic compounds such as molecules of low molecular weight (e.g. FSiB) and peptides (e.g. SiFA-octreotate) derivatized with the SiFA building block can be labeled in one-step with the PET isotope fluorine-18 and final purification from un-reacted 18F- and Kryptofix2.2.2. ® is achieved by solid phase extraction. In common radio-chemistry based on the formation of a carbon-18F bond, a final purification of the labeled compound from its precursor requires a laborious HPLC separation. In SiFA technology the labeling precursor and 18F-labeled compound are chemically identical. The only difference is that in case of the labeled compound there is a radioactive fluorine atom attached to the silicon instead of a non-radioactive one. This circumstance makes purification very easy and qualifies as a true labeling kit.  Protein labeling requires a two-step protocol as result of the complex nature of the protein. A small and very reactive SiFA-prosthetic group like 3-(di-tert-butyl[18F]fluorosilyl)benzoate ([18F]FSiB) has to be prepared in advance and reacted with a protein such as RSA. The labeled protein has to be purified by either by HPLC or by using a small size exclusion column (NAP-5). An aliquot from the pure protein fraction was injected into a healthy rat and the blood pool was imaged with an animal PET camera, demonstrating the applicability of SiFA-labeled proteins. A thorough analysis of the obtained PET data revealed that [18F]SiB labeled RSA serves as an in vivo blood pool imaging agent.
Tables and Figures:

Figure 1: Synthesis of [18F]SiFA+-maleimido-Try3-octreotate ([18F]SiFA+-MI-TATE): A) Fmoc solid phase synthesis of maleimido(MI)-TATE B) Solution phase conjugation of SiFA+-SH to MI-TATE at pH 9 C) Radioactive labeling of [18F]SiFA+-MI-TATE via simple isotopic exchange (19F-18F) D) HPLC quality control of solid phase cartridge purified [18F]SiFA+-MI-TATE showing 99.6% purity of the labeled peptide and total absence of unreacted 18F-.
Figure 2: Synthesis of succinimidyl 3-(di-tert-butyl[18F]fluorosilyl)benzoate ([18F]FSiB) und its bio-conjugation to a protein (e.g. rat serum albumine (RSA)).

Figure 3: Radio-TLC quality control of the labeling synthon [18F]FSiB after solid phase purification.

Figure 4: Final radio-HPLC chromatogram of [18F]FSiB labeled RSA
Figure 5: PET images of 18F-SiFA-labeled RSA
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Table of specific reagents and equipment: 
	Name of the reagent
	Company
	Catalogue number
	Comments (optional)

	DMEM
	Invitrogen
	ABCD1234
	 

	Acetonitrile anhydrous
	Aldrich
	271004
	

	Kryptofix 2.2.2
	Aldrich
	291110
	

	Potassium carbonate
	Aldrich
	209619
	

	Potassium oxalate
	Alfa Aesar
	13452
	

	Albumin
	Aldrich
	A6272
	

	Aminoacids, various
	Novabiochem
	
	

	[18O]H2O
	Rotem
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